Abstract We tested the hypothesis that the non-imagebased navigation system used in our department was able to measure accurately the 3D positioning of the acetabular cup of a total hip replacement (THR) and to increase the accuracy of its implantation during THR. We studied 50 consecutive navigated implantations of a THR and compared the intra-operative measurement of the cup by the navigation system to the post-operative measurement by computed tomography (CT) scan. The mean difference between the navigated and CT scan measurements for cup inclination was 2°. The mean difference between the navigated and CT-scan measurements for cup flexion was 4°. These differences were significant but considered to be clinically irrelevant in most cases. A total of 73% of the cases were within the safe zone defined prior to the study. The non-image-based system used allows a precise orientation of the cup during THR.
Introduction
The precise positioning of the acetabular cup is an important feature during total hip replacement (THR). It has a significant influence on both short-term (luxation, impingement) and long-term (wear, loosening) outcomes [1, 7, 21] . It has been demonstrated that the conventional, manual positioning is less than optimal [4] . A navigation system might allow increasing the accuracy of this positioning. We tested the hypothesis that the non-imagebased navigation system used in our department was able to measure accurately the 3D positioning of the acetabular cup of a THR and to increase the accuracy of its implantation during THR.
Materials and methods
We studied 50 consecutive navigated implantations of a THR. The study was approved by our local institutional board and all patients gave written informed consent.
We used on a routine basis the OrthoPilot® system (Aesculap, Tuttlingen, FRG) for THR. The basis of the system and software has already been validated for total [19] and unicompartmental [9] knee replacement. The knee system has been adapted for THR. This system is nonimage-based, as it relies only on intra-operatively collected anatomical and kinematic data, without any pre-operative additional imaging. The operative technique has been described elsewhere [13] . Briefly, the patient lay supine on the operating table. One infrared localiser was fixed with a percutaneous screw to the anterior iliac crest on the side to be operated. The reference frame was chosen to be the anterior pelvic plane [14] . The surgeon palpated three anatomical landmarks with a navigated stylus: both antero-superior iliac spines and pubic symphysis. The 3D positions of the pelvic localiser and of the stylus were recorded by the infrared Polaris® camera (Northern Digital, Canada). The 3D pelvic orientation was taken as the reference position. After the antero-lateral approach, neck osteotomy and head removal, a navigated trial cup was inserted prior to reaming to define the initial centre of the acetabulum and the medial wall of the acetabulum was palpated with the navigated stylus.
Navigated reamers were used to prepare the acetabulum. A navigated holder allowed the positioning of the trial cup with the desired orientation (Fig. 1) . The same navigated holder allowed positioning the final implant during cementation. The desired orientation of the cup was chosen following Lewinnek's proposal of a safe zone [14] : 45°±10°of inclination and 15°±10°of flexion. The final orientation of the cup after cement polymerisation was registered.
A post-operative computed tomography (CT) scan was performed before discharge. The three anatomical landmarks were identified on the 3D reconstructions and the Lewinnek plane was defined as the reference plane. The position of the acetabular cup was defined along the larger diameter of the wire ring on the appropriate reconstructed slice. The orientation of the cup in comparison to the Lewinnek plane was recorded in the three directions (inclination, rotation and flexion) but only inclination and flexion were analysed, as they represent the actual intraoperative criteria which are analysed by the surgeon. The inclination and flexion angle measured on post-operative CT were compared to the intra-operative measurement with a paired t-test and a correlation test at a 0.05 level of significance. The number of "outliers" (measurements out of the safe zone of Lewinnek) was also recorded for each individual direction and as a whole.
Results
Forty-eight out of the 50 cases have been analysed; for two cases, it was not possible to detect the cup positioning accurately on the post-operative CT scan. Figure 2 shows the results of the cup inclination. The mean navigated inclination was 42°±4°(range, 35°to 49°); the mean CT inclination was 44°±5°(range, 30°to 57°). The mean paired difference was −2°±4°(range, −12°to 9°); this difference was significant (p=0.003). There was a significant correlation between the navigated inclination and the CT inclination (p<0.001). Forty-one of the 48 cases (41/48, 85%) showed a difference of less than 5°between the two measurements. Forty-two of the 48 cases (42/48, 87%) were within the safe zone of CT measurement. Figure 3 shows the results of the cup flexion. The mean navigated flexion was 15°±3°(range, 6°to 22°); the mean CT inclination was 19°±7°(range, 2°to 32°). The mean paired difference was −4°±8°(range, −25°to 19°); this difference was significant (p=0.003). There was no significant correlation between the navigated flexion and the CT flexion (p=0.54). Twenty-eight of the 48 cases (28/48, 58%) showed a difference of less than 5°between the two measurements. Thirty-eight of the 48 cases (38/48, 79%) were within the safe zone of CT measurement. When combining the two measurements, 35/48 cases (73%) were within the safe zone of CT measurement for the global orientation of the cup (Fig. 4) .
Discussion
The positioning of the cup of a THR is considered to be critical for the short-and long-term results of the procedure [21] . There is no general agreement regarding the ideal reference to measure cup orientation. The most accepted reference was defined by Lewinnek et al. [14] as the anterior pelvic plane. It is the plane containing the three following points: both antero-superior iliac spines and the pubic symphysis.
The post-operative cup positioning can be measured on post-operative X-rays or CT scan. The accuracy of X-rays is questionable, because slight variations in the patient's positioning can result in significant variation of the measurements [22] . Furthermore, measurement of the cup flexion is only indirect and might be less than accurate [15] . CT scan is well accepted as the gold standard for this purpose [11] .
Conventional techniques involve manual orientation of the cup according to anatomical landmarks and/or pelvis positioning. However, it has been demonstrated that there are significant pelvic movements during THR [4] and that the pelvic position could not be considered as a reliable intra-operative reference for cup orientation. Digioia et al. observed that 78% of cups were oriented outside the safe zone when they controlled the positioning of the cup intraoperatively with a CT-based navigation system [4] . These results have been confirmed by other authors, who reported similar rates of outliers: 50% for Kalteis et al. [10] and 45% for Wines and McNicol [23] . There is an inherent inaccuracy of the conventional techniques and navigation systems might address this issue.
Most navigation systems for THR rely on a matching between the pre-operative CT scan imaging and the intraoperative registration of points or surfaces [4, 6] or intraoperative fluoroscopy [5] . However, CT scanning is not recognised as a routine pre-operative investigation and these techniques induce additional radiation exposure for the patient and additional cost for the health care system in comparison to the conventional technique of THR. Nonimage-based systems rely on fully intra-operative registered data, with no additional pre-operative costs. These systems proved to be as reliable as CT-based systems, both in experimental [8] and clinical [12] studies.
To our knowledge, only two navigation systems have been validated in clinical use by a comparison between intra-operative navigated measurements and post-operative CT scan measurements [12, 17] . All other studies only compared the rate of cups implanted in the desired orientation on post-operative CT scans between a navigated and a conventionally operated group of patients.
The OrthoPilot® system (Aesculap, Tuttlingen, FRG) relies on an intra-operative anatomical registration of the anterior pelvic plane for the definition of the pelvic orientation. A navigation system can only be effective if the reference frame can be defined in a confident way. The Lewinnek plane has been validated as a reliable reference by Mayr et al. [16] , who demonstrated that pelvic orientation was stable with regard to the supine and standing positions; furthermore, these results were independent of sex, level of arthrosis or status after the implantation of a THR. Cutaneous palpation of the pelvic anatomical landmarks might be inaccurate because of the Fig. 4 Results of the cup inclination together with the cup flexion (°). The safe zone is the shaded area Fig. 3 Results of the cup flexion (°). The safe zone is the shaded area smooth shape of the landmarks and the distance between the skin surface and the real bone contour [18, 20] . Richolt et al. [18] demonstrated that a 10°precision was necessary for clinical significance. The technique used in this study is still robust. Theoretical calculation showed that a 10-mm error in the location of the top of the antero-superior iliac spines induces only a 3°error in inclination and a 4°error in flexion [24] . Furthermore, we demonstrated in a clinical study that the intra-operative palpation of this plane was accurate and reproducible. Intra-operative sonography might address this issue [18] .
There was, in our study, a significant difference between paired intra-operative navigated and post-operative CT measurements. The variation between intra-operative navigated and post-operative CT measurements can be explained by other reasons than the potential inaccuracy of reference plane palpation. The navigation system itself may be inaccurate; however, the system used showed experimentally an inherent error of less than 1 mm or 1° [3] . It has also been demonstrated that the CT scan measurement might be inaccurate [22] , especially with a full polyethylene cup with only a wire ring for detecting its orientation; nevertheless, this technique is well accepted as the gold standard.
However, we observed that differences between the intra-operative and post-operative measurements were small for inclination (mean of −2°, range from −12°to 9°) and is probably clinically irrelevant for most of the cases (41/48) with a difference of less than 5°. On the other hand, this difference was greater for flexion (mean of −4°, range from −25°to 19°) and might be clinically relevant for some cases (20/48) with a difference of over 5°. We suggest that the accuracy of the navigated procedure used is acceptable for inclination but must be improved for flexion.
Other systems have been proved to demonstrate a similar accuracy. Blendea et al. [2] compared non-image-based navigated and CT measurements in a laboratory study; the mean difference was 3°for inclination and 1°for flexion. Haaker et al. [6] compared intra-operative CT-based navigated and post-operative CT measurements and observed virtually no difference in the mean values of inclination and flexion in both groups; however, paired differences were not reported. Grützner et al. [5] compared C-arm-based navigated and post-operative CT measurements and reported a mean paired difference of 2°and a maximal paired difference of 6°f or both inclination and flexion.
The navigation system used allowed us to position the cup in the safe zone for 87% of the cases when considering inclination alone, for 79% when considering flexion alone and for 73% of cases when considering both criteria. Haaker et al. [6] , using a CT-based navigation system, reported 93% of optimal orientation for cup flexion, while the rate for inclination was not reported. Parratte and Argenson [17] reported 80% of cups implanted in the safe zone with a non-image-based navigation system. All of these figures compare favourably with conventional implantation. A more accurate cup orientation might decrease the rate of dislocation and mechanical problems related to impingement [21] .
Conclusion
The non-image-based system used in our department allowed us to define more accurately the intra-operative positioning of the acetabular cup of a total hip replacement (THR) in comparison to the computed tomography (CT) reference measurement. Inclination measurements were more accurate than the flexion measurements. A high percentage of cups were implanted in the safe zone defined prior to the study.
